1. Introduction {#s0005}
===============

Vascular disorders of the brain, including stroke, are a major cause of death in addition to physical and cognitive disability. During the past decades, imaging has become an indispensable tool in the work-up, treatment planning and follow-up of ischemic and hemorrhagic stroke, as well as in the identification of cerebrovascular anomalies predisposing to stroke. In addition, imaging may record the burden of incidental cerebrovascular lesions that may lead to pathologic brain aging. Compared to CT and other imaging modalities, brain magnetic resonance imaging (MRI) is by far the best technique to assess the total extent of cerebrovascular diseases in individual patients, as it allows for the accurate visualization of acute and chronic manifestations of large- and small-vessel disease in both the supra- and infra-tentorial regions. Although routine clinical practice is currently still limited to standard (1.5 T) and high-field (3 T) MRI, cerebrovascular disease evaluation at ultra-high-field (7 T) MRI may benefit from a high signal to noise ratio (SNR) which can be transferred into high spatial resolution, as well as a high contrast to noise ratio (CNR). By enabling the evaluation of the brain parenchyma on a submillimeter scale, very small cerebrovascular lesions, such as cortical microinfarcts, have come within the detection limit of 7 T and to a lesser degree 3 T MRI ([@bib82]. Also, compared to 1.5 T arterial MR angiography (MRA), the use of high-field (3 T) and even more so ultra-high field MRI (7 T), has enabled the visualization of the lumen of much more peripheral intracranial vessels, and of the intracranial vessel walls of the circle of Willis (CoW) and beyond ([@bib36]; [@bib27] Finally, MR perfusion weighted imaging (PWI) may benefit from 7 T, for instance by the increased susceptibility effects and the lower amount of contrast agent required for dynamic susceptibility contrast (DSC) perfusion at 7 T. Thus, the advent of 7 T has during the past decade resulted in a wave of research exploring new developments in cerebrovascular imaging, which are now increasingly finding their way into clinical practice. In the current article, we will review the emerging clinical applications and future directions of vascular imaging in the brain at 7 T.

2. Clinical applications {#s0010}
========================

A clinically feasible stroke imaging protocol at 7 T has already been proposed and investigated for subacute and chronic stroke patients ([@bib56]. This imaging protocol includes T1-weighted 3D Magnetization-Prepared Rapid-Acquired Gradient-Echo (3D-MPRAGE), T2-weighted 2D Fluid Attenuated Inversion Recovery (2D-FLAIR), T2-weighted 2D Turbo Spin Echo (2D-T2-TSE), T2\*-weighted 2D Fast Low Angle Shot Gradient Echo (2D-HemoFLASH) and 3D arterial Time-of-Flight (TOF) MRA. However, the imaging protocol excludes diffusion weighted imaging (DWI), the most sensitive imaging technique to detect acute infarctions ([@bib56] With improvements being made to DWI at 7 T, it may be expected that clinical stroke protocols at 7 T imaging will be extended to include acute stroke patients as well.

2.1. Ischemic stroke {#s0015}
--------------------

About 80% of strokes are ischemic and about 20% hemorrhagic in origin. Hemorrhagic transformation is a not infrequent complication of ischemic stroke and [Fig. 1](#f0005){ref-type="fig"} shows an axial 7 T FLAIR image of a patient with ischemic stroke undergoing hemorrhagic transformation in the territory of the right middle cerebral artery. The figure displays the high degree of detail discernible with 7 T in stroke patients ([@bib56]. Most ischemic strokes have an extracranial origin and result either from cardio-embolism or artery-to-artery embolism from the carotid or vertebrobasilar arteries. Screening for cardiac arrhythmia and evaluation of the neck vessels may point towards the correct stroke origin in most of these patients. In case of artery-to-artery embolism from the neck, luminal imaging may reveal arterial stenosis, most frequently at the level of the carotid bifurcation.Fig. 1Ultra-high resolution imaging of ischemic stroke. Axial 7 T contrast-enhanced 3D-FLAIR image of 50-year-old female with a recent right-sided ischemic stroke with hemorrhagic transformation, repetition time 8000ms, echo time 300ms, inversion time 2200 ms, acquired voxel size 0.8×0.8×0.8 mm^3^, reconstructed voxel size 0.5×0.5×0.5 mm^3^, field-of-view 250x250×190 mm^3^, scan duration 10:48 min. A hyperintense border is seen to surround the lentiform nucleus (putamen and globus pallidus, arrowheads), which appears hypointense due to blood components. A smaller infarct is also seen in the insular region (black arrow), and multiple hyperintense dots are also seen along the ventricular border of the head of the caudate nucleus (white arrow), all of which are compatible with satellite infarctions.Fig. 1.

In a considerable proportion of patients, however, the origin of stroke may be related to intracranial arterial lesions, evaluation of which may especially benefit from high-resolution MR imaging. Not unlike arterial lesions in the neck, intracranial arterial lesions include atherosclerotic plaques, and, more rarely, dissection or vasculitis.

### 2.1.1. Intracranial atherosclerosis {#s0020}

Arterial TOF MRA is routinely performed in stroke patients to detect intracranial arterial stenosis, and is usually preferred above angiographic techniques (CTA and DSA) because of its non-invasiveness, the lack of ionizing radiation, and no need to administer a contrast medium ([Fig. 2](#f0010){ref-type="fig"}). Also, it can be acquired in the same imaging session as DWI, the most sensitive technique to detect acute infarction. Compared to 1.5 T and 3 T, arterial TOF MRA at 7 T allows the visualization of much smaller intracranial arteries, such as the lenticulostriate arteries ([Fig. 2](#f0010){ref-type="fig"}), while adding a contrast agent may enable the visualization of even more distal arteries in addition to veins and venules ([@bib36]; [@bib56]; [@bib43]). The presence of intracranial arterial narrowing alone, however, does not necessarily correspond to a stroke origin; arterial stenosis may already have been present a long time before the onset of stroke, and may be compensated by adequate primary (circle of Willis) or secondary (leptomeningeal) collaterals ([@bib54]; [@bib40]. In addition, atherosclerotic plaques may be present without luminal narrowing due to arterial remodeling ([@bib71]. Because of the shortcomings of lumenography, there is a need for intracranial vessel wall imaging to link cerebral infarction with intracranial arterial lesions, such as symptomatic plaques, dissection or vasculitis. Because of the small caliber of intracranial arteries, a high SNR which can be transferred into high spatial resolution, as well as a high CNR are required for visualization of the pathologic vessel wall, and even more so for the healthy vessel wall ([Fig. 3](#f0015){ref-type="fig"}) [@bib27]. Since spatial resolution increases with field strength, (ultra-)high field imaging techniques are required to visualize wall thickening of arteries of the circle of Willis and beyond [@bib27]. Also, for optimal vessel wall visualization, signal suppression of the arterial lumen (black blood imaging techniques including double inversion recovery and techniques based on motion-sensitizing prepulses) is required for delineation of the inner vessel wall ([Figs. 3](#f0015){ref-type="fig"}A and B), while cerebrospinal fluid (CSF) suppression facilitates the demarcation of the outer vessel wall ([Fig. 3](#f0015){ref-type="fig"}B), especially for the more peripheral vessels surrounded by subarachnoid (CSF) spaces in case of cerebral atrophy ([@bib27]). However, acquisition of 3D isotropic sequences with high resolution and sufficient brain coverage result in relatively long scan times ([Fig. 3](#f0015){ref-type="fig"}) ([@bib27]; [@bib47]. Compared to 3 T imaging, the increased signal-to-noise ratio (SNR) of 7 T leads to an overall better vessel wall visibility, visualizes more atherosclerotic plaques, and thus offers the highest potential to identify the total burden of intracranial atherosclerosis ([@bib39]; [@bib98]. Recently, several studies investigating the relationship between intracranial vessel wall changes on 3 T and 7 T and brain infarction have been published ([@bib28], [@bib29], [@bib30][@bib30]. Although most studies have so far only been performed in a limited number of patients, the following preliminary conclusions may be drawn. Eccentric atherosclerotic lesions are most frequently detected and seem to be associated with a focal (short-segment) thickening pattern, while concentric plaques usually show a more diffuse (long-segment) thickening ([@bib30]. Although contrast-enhancement of intracranial atherosclerotic plaques is frequently observed and has been linked to the vessels supplying the area of ischemic injury, it may as well appear in asymptomatic lesions ([@bib39]; [@bib30]; [@bib3]; [@bib80]. Since atherosclerotic lesions of the intracranial vasculature cannot be correlated with histopathology in living patients (unlike the carotid plaques, which may be surgically removed by endarterectomy), only post-mortem quantitative MRI-pathologic correlation studies have been performed to compare plaque contents with plaque signal intensities on 3 T and 7 T on CoW specimens ([@bib37]; [@bib42]; [@bib57]; [@bib49]. These have shown the promising result that different tissue components of advanced intracranial plaques have distinguishable relaxation times on ultra-high-resolution quantitative MR imaging. T2 and T2\* relaxation times at 3 T, and T1 relaxation times at 7 T, have shown the most differences among individual tissue components of intracranial plaques, including lipid, fibrous tissue, fibrous cap, calcifications, and the healthy vessel wall [@bib37]; [@bib42]. Hence, the most promising method for distinguishing intracranial plaque components at 7 T is T1-weighted imaging.Fig. 2MR Angiography of the intracranial perforating arteries. MR Angiography of the intracranial perforating arteries. Coronal Maximum Intensity Projection (MIP) of a 7 T Time-of-Flight (TOF) MRA, repetition time 16ms, echo time 3.3 ms, acquired voxel size 0.25×0.3×0.4 mm^3^, reconstructed voxel size 0.2×0.2×0.2 mm^3^, field-of-view 200x190×50 mm^3^, scan duration 9:54 min, performed in a 51-year-old male. Perforating lenticulostriate arteries (arrowheads) branching off from the middle cerebral arteries are clearly seen in both cerebral hemispheres.Fig. 2.Fig. 3Intracranial vessel wall imaging at 3 T and 7 T. Intracranial vessel wall imaging at 3 T and 7 T. Intracranial vessel wall imaging of a 71 year-old-male with a recent left sided ischemic infarction in the anterior circulation (not shown) resulting from symptomatic carotid artery disease. (A) A transverse 3 T contrast-enhanced T1 Volume Isotropically Reconstructed Turbo Spin Echo Acquisition (VIRTA), repetition time 1500 ms, echo time 36 ms, acquired voxel size 0.6×0.6×1.0 mm^3^, reconstructed voxel size 0.5×0.5×0.5 mm^3^, field-of-view 200x167×45 mm^3^, scan duration 6:42 min ([@bib30]. Most of the arterial vessel walls of the circle of Willis are visible and appear to be normal (arrowheads). Blood is more suppressed than cerebrospinal fluid. (B) A transverse 7 T post-contrast T1 Magnetization Preparation Inversion Recovery (MPIR) TSE acquisition, repetition time 3952ms, echo time 37ms, inversion time 1375, acquired voxel size 0.8×0.8×0.8mm^3^, reconstructed voxel size 0.5×0.5×0.5 mm^3^, field-of-view 250x250×190 mm^3^, scan time 10:40 min ([@bib47][@bib48] The arterial vessel walls (arrowheads) are better seen due to an improved contrast with blood and cerebrospinal fluid, which is almost completely suppressed.Fig. 3.

Intracranial dissection may be hard to diagnose due to the small caliber of the involved arteries, and thus its diagnosis may highly benefit from the spontaneous bright signal on T1 high-resolution vessel wall images, as has already been investigated at 3 T ([@bib80]; [@bib4]. In addition, dissection often shows wall enhancement, and may present a visible flap and dual lumen ([@bib80]; [@bib4]

### 2.1.2. Vasculitis, reversible vasoconstriction syndrome and moyamoya {#s0025}

Central nervous system (CNS) vasculitis and reversible vasoconstriction syndrome (RCVS) often show clinical and lumenographic overlap, and at times only high-resolution vessel wall imaging with MRI may show distinguishing features between these two entities [@bib58]; [@bib66]. CNS vasculitis is characterized by short segments of vessel wall thickening, which is concentric more often than eccentric, and is associated with vessel wall enhancement, which may resolve after healing ([@bib80]; [@bib58]; [@bib66]; [@bib53]. Compared to CNS vasculitis, RCVS shows longer segments of reversible wall thickening, continuous throughout the entire wall of the diseased vessel, with no or only mild enhancement ([@bib66] Furthermore, high-resolution intracranial vessel wall imaging at 3 T has been reported to be beneficial in differentiating moyamoya disease, atherosclerotic-moyamoya syndrome, and vasculitic-moyamoya syndrome [@bib64]. Although vessel wall imaging studies at 7 T for moyamoya are still lacking, MPRAGE has already been found superior to TOF MRA at 7 T due to shorter scanning times and better brain coverage [@bib26]

2.2. Incidental or silent infarction and the aging brain {#s0030}
--------------------------------------------------------

Apart from brain infarction presenting with stroke ([Fig. 1](#f0005){ref-type="fig"}), many (small) brain infarctions present with only few or non-specific clinical symptoms, or may even be clinically silent [@bib75]; [@bib32]; [@bib21]. Still, these infarcts may present later on as an incidental finding on neuroimaging studies. They are associated with cognitive decline and worse physical functioning, and an increased risk of future stroke [@bib90]; [@bib5]; [@bib20]. Traditionally, incidental cerebral infarctions include large and small cortical infarcts as well as subcortical infarcts, of which the latter includes lacunar infarcts [@bib73]; [@bib55]; [@bib25]; [@bib92]

### 2.2.1. Lacunar infarcts, perivascular spaces and white matter hyperintensities {#s0035}

Due to the superior evaluation of small-caliber arteries in the brain on 7 T arterial TOF MRA ([Fig. 2](#f0010){ref-type="fig"}), it has been found that the number of lenticulostriate arteries supplying the basal ganglia is reduced in patients with lacunes (of presumed vascular origin) compared to age-matched controls. This finding has later been translated to 1.5 T with flow-sensitive black blood MRA, suggesting that occlusion of lenticulostriate arteries underlies lacunar infarction of the basal ganglia [@bib43]; [@bib92]; [@bib67] At times, lacunes may be difficult to distinguish from enlarged perivascular spaces (PVS), although the latter do not have a T2-hyperintense rim around the fluid-filled space on T2-weighted or FLAIR imaging, unless they traverse an area of white matter hyperintensity [@bib92]. At high resolution, a central vessel can occasionally be seen in the center of a perivascular space, which may differentiate the spaces from lacunes. [@bib92]; [@bib99]. Also, optimized MRI parameters and segmentation methods have been developed for PVS at 7 T, which have shown that PVS are much more abundant than previously reported in young patients [@bib99]; [@bib68]. Despite the term lacunar infarction, it has been shown that only a small proportion of lacunar infarcts progress to lacunes ([@bib70], [@bib63]), and non-cavitating lacunar infarcts often continue to resemble white matter lesions instead ([@bib92]; [@bib70]. Also, in non-vascular disease such as multiple sclerosis (MS), characterization of white matter lesions with high resolution MR imaging has shown diagnostic benefits. With the increased SNR of 7 T MRI, the typical localization of MS plaques around small venules can be demonstrated ([@bib34]; [@bib81]; [@bib35]

### 2.2.2. Cortical microinfarcts {#s0040}

Another major clinical advancement of 7 T MRI is its ability to detect cortical microinfarcts (CMIs) ([Fig. 4](#f0020){ref-type="fig"}). Historically being a strictly pathologic diagnosis recorded during autopsy in elderly people, high resolution MRI has made it possible to visualize some of these lesions in vivo at 7 T ([Fig. 4](#f0020){ref-type="fig"}) ([@bib100], [@bib84], [@bib85], [@bib33]) and to a lesser degree at 3 T ([@bib82], [@bib86]). Nevertheless, the majority of microinfarcts currently remain under the detection limits of clinical in vivo MRI ([@bib88]. On post-mortem 7 T MRI studies, three types of CMIs have been distinguished based on the involvement of all three cortical layers (type 1), two cortical layers (type 2), or one (superficial, middle or deep) cortical layer only (type 3). [@bib22] CMIs should be distinguished from enlarged or atypically shaped perivascular spaces, which can be CMI mimics but which are located juxtacortically ([Fig. 5](#f0025){ref-type="fig"}) ([@bib87]. CMIs are associated with atherosclerosis, and are believed to be of microembolic origin ([@bib97]; [@bib72]; [@bib74]. Also, CMIs are a new marker of vascular dementia, especially if occurring in strategic locations, such as the inferior frontal and cingulate gyri ([@bib86]; [@bib22], [@bib24] Although CMIs have also been described in the cerebellum on post-mortem 7 T MRI studies, the somewhat larger cortical infarct cavities (\<1.5 cm) are more frequently observed in that region ([Fig. 6](#f0030){ref-type="fig"}) ([@bib23]; [@bib18][@bib17] As originally found on post-mortem 7 T MRI, those cerebellar cortical infarct cavities demonstrate a characteristic sparing of juxtacortical white matter ([Fig. 6](#f0030){ref-type="fig"}), a finding which has recently allowed translation to lower field-strength MRI in vivo ([@bib18][@bib19]. Like CMIs, cerebellar cortical infarct cavities are associated with atherosclerosis and believed to be of embolic origin ([@bib21][@bib20]Fig. 4Cortical microinfarcts**.** 7 T contrast-enhanced 3D-FLAIR imaging of a 68- year-old man with a large right-sided temporoparietal ischemic infarction (A), repetition time 8000ms, echo time 300ms, inversion time 2200 ms, acquired voxel size 0.8×0.8×0.8 mm^3^, reconstructed voxel size 0.5×0.5×0.5 mm^3^, field-of-view 250x250×190 mm^3^, scan duration 10:48 min. (A) Sagittal and (B) axial reconstruction shows multiple tiny cortical hyperintensities, compatible with cortical microinfarcts. Most cortical microinfarcts seen involve all cortical layers, compatible with type I microinfarcts according to [@bib22].Fig. 4.Fig. 5Perivascular Spaces and Lacunar Infarcts. An example of a juxtacortical, enlarged perivascular space (PVS) mimicking a cerebral microinfarct (CMI), in a post-mortem brain of a 68-year-old female with Alzheimer\'s Disease pathology (BB VI) and severe cerebral amyloid angiopathy, identified on (A) T2-weighted ex vivo MR-imaging (repetition time 3500 ms, echo time 164 ms, acquired voxel size 0.4×0.4×0.4 mm^3^, no SENSE acceleration, scan duration 112 min) and with (B) histopathological correlation, Hematoxylin & Eosin (H&E) staining. (A) The small hyperintense enlarged PVS is located in juxtaposition to the cortex (white arrow). (B) No evidence of neuronal death or gliosis is seen on H&E (black arrow). (images courtesy of S.J. van Veluw).Fig. 5.Fig. 6Cerebellar cortical infarct cavity on 7 T post-mortem MRI**.** Cerebellar cortical infarct cavity (white arrow) in the left cerebellar hemisphere on T2-weighted 7 T post-mortem MRI; 3D TSE; TR 3000 ms; TE 207 ms; reduced focusing angle of 40°; acquired voxel size 0.70 × 0.70 × 0.70 mm^3^; matrix size 284×169; FOV 200 × 119 x 120 mm^3^; SENSE: 2×2; scan duration 8:39 min. The cavity and the surroundings of the cerebellum are black due to Fomblin, a proton-free fluid without MR signal. Notice the sharp demarcation of the cavity and surrounding hyperintense gliosis (white arrow) from the intact subjacent white matter (black arrows), which proved to be characteristic imaging features of cerebellar cortical infarct cavities and enabled the translation to clinical 1.5 T MRI scans ([@bib18][@bib19].Fig. 6.

### 2.2.3. Microbleeds {#s0045}

Detection of microbleeds may be of potential clinical relevance for a variety of pathologies, including brain trauma, hypertensive microangiopathy, cerebral amyloid angiopathy (CAA) and Alzheimer\'s dementia (AD) ([@bib92], [@bib93] [@bib1]; [@bib46]; [@bib69]; [@bib11]; [@bib8]. A recent post-mortem study has shown a strong association between cerebral microbleeds and CMIs in CAA, suggesting a shared underlying pathophysiologic mechanism ([@bib89]. Susceptibility effects and the sensitivity of T2\* and SWI for detecting microbleeds increase with field strength, and 3D dual-echo T2\*-weighted imaging at 7 T has been found to result in better and more reliable detection of microbleeds compared with 3D T2\*-weighted imaging at 1.5 T in vivo ([@bib13] Interestingly, a recent combined in-vivo/post-mortem MRI correlation study has shown that microbleeds on in vivo MRI are specific for microhemorrhages in CAA, but that increasing the resolution of magnetic resonance images with ultra-high resolution post mortem 7 T MRI (\< 100μm isotropic voxels) results in the detection of more 'non-hemorrhagic' pathology ([@bib88]. In addition, diagnostic confidence of rating microbleeds in vivo has not been found significantly higher at 7 T compared to 3 T for the diagnosis and exclusion of microbleeds and vascular malformations ([@bib79] .Visual rating of microbleeds is more challenging at 7 T than at lower field strengths due to the increased susceptibility effects of adjacent structures, such as veins ([@bib16]; [@bib38] Because manual detection of microbleeds may be time consuming with observer variability, automated detection systems of microbleeds have been developed ([@bib51], [@bib52]; [@bib41]

2.3. Aneurysms, arteriovenous malformations and cavernomas {#s0050}
----------------------------------------------------------

### 2.3.1. Cerebral aneurysms {#s0055}

7 T MRI has also been proven beneficial for the depiction of cerebral aneurysms, with overall image quality equaling the gold standard DSA ([@bib96]. 7 T has already proven its superiority over 1.5 T in the analysis of aneurysm neck and dome, as well as in the evaluation of aneurysm location at the parent vessel ([@bib94]. Using 7 T TOF MRA, microaneurysms with diameters under 1 mm are now being described, e.g. ventricular microaneurysms in patients with moyamoya disease ([@bib62] 7 T MPRAGE has been found superior to 7 T TOF MRA for the assessment of aneurysm features, with less artifacts and simultaneous high quality assessment of the brain with full coverage ([@bib94] Interestingly, high-resolution vessel wall imaging has shown a strong association between ruptured aneurysms and circumferential aneurysm wall enhancement in subarachnoid hemorrhage (SAH), which may identify the site of rupture in patients with multiple intracranial aneurysms ([@bib60] [@bib31]; [@bib65][@bib61] In addition, circumferential wall enhancement has been more frequently observed in unruptured but unstable (growing and symptomatic) aneurysms ([@bib31]; [@bib61]. Although a minority of incidentally discovered aneurysms also show wall enhancement, it still needs to be established if these are at an increased risk of rupture ([@bib61]. Apart from aneurysm vessel wall enhancement, regional differences in wall thickness of unruptured aneurysms have been demonstrated on 7 T MRI, and thinner regions have been associated with regions of higher wall shear stress determined with phase-contrast MRI ([@bib45]; [@bib9] Future studies still need to address if variations in wall thickness are associated with risk of aneurysm rupture.

### 2.3.2. Arteriovenous malformations and cavernomas {#s0060}

Although DSA is still considered the gold standard for assessment of brain arteriovenous malformations (AVMs), arterial TOF MRA has become a non-invasive alternative for detection and follow-up of AVMs ([@bib96]; [@bib61] In a recent comparative study with 1.5 T arterial TOF MRA and DSA, non-contrast-enhanced 7 T MPRAGE as well as 7 T arterial TOF MRA have been found superior to 1.5 T arterial TOF MRA in the delineation of the nidus, feeder(s), draining vein(s), and in the relationship between AVMs and adjacent vessels (non-feeding vessels relevant for surgical treatment) ([@bib95]. Compared to non-enhanced arterial TOF MRA, MPRAGE offers a very high-quality of adjacent brain structures, but is less performant in the visualization of draining veins, probably due to saturation effects of slow flowing arterialized venous blood ([@bib95].Although overall image quality at 7 T equals DSA, all described MRA techniques at 7 T still miss dynamic information about the blood flow patterns within the AVM ([@bib95]. This may be overcome with phase contrast 4D flow imaging, which is a currently rapidly developing field and also possible at 7 T with higher SNR than at 3 T ([@bib59] Future studies will still need to assess the diagnostic potential for treatment follow-up of brain AVMs as hemorrhagic changes or artefacts due to embolic agents or clips could be misinterpreted as residual flow ([@bib95]. Also, the role of high-resolution vessel-wall MRI for brain AVMs still needs to be established.

Finally, 7 T MRI significantly improves the visualization of cavernomas and associated developmental venous anomalies (DVA) due to a higher spatial resolution and susceptibility sensitivity ([@bib76]; [@bib14][@bib15]

3. Future directions {#s0065}
====================

Different experimental and functional techniques are currently being developed and tested to assess cerebrovascular function with 7 T MRI on a microvascular level ([@bib38] Amongst others, these include 3D phase contrast (PC)-MRA and blood oxygenation level dependent (BOLD) functional MRI (fMRI). 7 T PC-MRA is a promising technique to visualize and measure blood flow and pulsatility, for example of the CoW and lenticulostriate arteries ([@bib83]; [@bib44]. Functional assessment with 3D PC-MRI may better discriminate between healthy and diseased arteries/arterioles compared to anatomical imaging alone, and may as such be applied to assess the relationship between white matter hyperintensities and lacunes on the one hand and blood flow in the perforating arteries on the other hand ([@bib44]; [@bib10]. BOLD fMRI, which is typically used for task-related and resting state fMRI experiments, may be adapted to measure cerebral perfusion and cerebrovascular reactivity (CVR) before and after a certain vascular challenge, such as the inhalation of carbon dioxide, breath-holding or medication administration (acetazolamide) ([@bib38] These stimuli all result in an increased blood flow to the brain and a decreased BOLD signal, and it is generally assumed that brain regions with a decreased signal change upon a certain challenge have a lower cerebrovascular reserve and are at an increased risk of future ischemia ([@bib38]. At 7 T, BOLD fMRI may detect differences in cerebrovascular reactivity at a millimeter scale, and may be applied to study the association of CVR with lacunes, white matter hyperintensities and microbleeds ([@bib12]; [@bib77]; [@bib6], [@bib7].

Despite all technical advancements, 7 T still faces some practical challenges. First, technical improvements are needed to counter the increased magnetic field (B~0~) and radiofrequency field (B~1~) inhomogeneities ([Fig. 7](#f0035){ref-type="fig"}). These inhomogeneities cause signal loss and a variable flip angle, most prominently in the temporal ([Fig. 7](#f0035){ref-type="fig"}) and cerebellar regions, which not only hinders the evaluation of these regions in individual subjects, but also hampers group analyses of 7 T datasets. The use of dielectric pads may partly overcome this problem. Upgraded head and neck coil technology with larger coverage and more homogenous magnetic fields are required for arterial spin labeling (ASL) perfusion imaging, which at present is still preferentially performed at 3 T ([@bib38] Whole brain diffusion MRI also is still challenging at 7 T due to magnetic field inhomogeneities, shorter relaxation times, and increased power deposition (specific absorption rate (SAR)), although progress is currently being made to acquire high-quality and reproducible DWI and diffusion tensor imaging (DTI) datasets ([@bib56]; [@bib91]; [@bib2]; [@bib78] Finally, promising results on implant safety -- which has long been a major drawback for clinical application -- have shown no increased risk of radiofrequency heating of metallic implants ([@bib50]. These safety results and the growing evidence of an additional clinical value of 7 T MRI will pave the way towards certification for (regular) clinical applications in the near future ([@bib56]Fig. 7B1-inhomogeneity artifacts on a 7 T MR FLAIR images of a 42-year-old female with a recent left-sided ischemic stroke. (A) A transverse 3 T FLAIR image, repetition time 10000ms, echo time 120ms, inversion time 2800 ms, acquired voxel size 0.75×1.27×4.00 mm^3^, reconstructed voxel size 0.4×0.4×4.0 mm^3^, field-of-view 230x182×129 mm^3^, scan duration 2:00 min. No B0- or B1-inhomogeneity artifacts are seen on the image. Some patient motion is present in the image. Two hyperintense lesions are present; along the posterior margin of the left putamen and in the left insular region (white arrowheads). (B) A transverse 7 T FLAIR image, repetition time 8000ms, echo time 300 ms, inversion time 2200 ms, acquired voxel size 0.8×0.8×0.8 mm^3^, reconstructed voxel size 0.5×0.5×0.5 mm^3^, field-of-view 250x250×190 mm^3^, scan time 10:48 min. The image is affected by B1-imhomogeniteity artefacts, best seen in both temporal lobes (white arrows). The two hyperintense lesions are seen in much more detail compared to the 3 T MR image in (A) (white arrowheads).Fig. 7.

4. Conclusion {#s0070}
=============

We described the added value and emerging applications of 7 T MRI in the clinical evaluation of cerebrovascular disorders. 7 T MRI has been proven superior to lower field-strength MRI for the evaluation of the intracranial vessel lumen and vessel walls, and allows to study the brain parenchyma for microvascular pathology on a submillimeter scale.
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